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dicted	 to	be	nonanal	 (5-	7	ppb),	driven	by	oxidation-	derived	emissions	 from	painted	
walls.	 In	 addition,	 ozone-	derived	 emissions	 from	 human	 skin	were	 estimated	 for	 a	
small	bedroom	at	nighttime	with	concentrations	of	nonanal,	decanal,	and	4-	oxopentanal	
predicted	to	be	0.5,	0.7,	and	0.7	ppb,	respectively.	A	detailed	chemical	analysis	shows	
that	 ozone-	derived	 surface	 aldehyde	 emissions	 from	materials	 and	 people	 change	
chemical	processing	 indoors,	 through	enhanced	 formation	of	nitrated	organic	 com-
pounds	and	decreased	levels	of	oxidants.













Species	 can	be	emitted	directly	 from	a	 surface	 (primary	pollutants),	







the	surface	 is	determined	by	 the	 thickness	of	 the	surface	boundary	
layer.9	The	rate	of	ozone	that	is	removed	from	indoor	air	(ozone	loss)	

























more	 prolonged,	 as	 ozone	 uptake	 and	 consequent	 surface	 process-
ing	to	produce	secondary	pollutants	can	continue	for	several	years.14 
Products	 of	 these	 reactions	 include	 aldehydes	 and	 ketones8,18 and 
secondary	 organic	 aerosols	 (SOA).19	 Furthermore,	 secondary	 pollut-
ants	from	surface	production	can	be	more	damaging	for	human	health	
than	 the	 primary	 emissions,	 causing	 asthma	 and	 pulmonary	 infec-
tions20	and	thus	warrant	further	investigation.
One	surface	receiving	 increasing	attention	 indoors	 is	 the	human	
body.	Humans	are	an	important	sink	for	ozone	in	the	indoor	environ-
ment.	The	chemicals	that	constitute	human	skin	can	be	classified	as	












emissions	on	 indoor	air	 composition.	 In	particular,	ozone	deposition	
onto	surfaces	and	 resultant	 secondary	pollutant	 formation	 in	a	 sim-
ulated	 apartment	 is	 investigated.	 Different	 surface	 types	 are	 con-








An	 INdoor	 air	 Detailed	 Chemical	 Model	 (INDCM)	 has	 been	 devel-
oped	based	on	previous	work	by	Carslaw24	and	Carslaw	et	al.25	The	
INDCM	uses	a	comprehensive	chemical	mechanism	called	the	Master	
Chemical	 Mechanism,	 MCM	 v3.2	 (http://mcm.leeds.ac.uk/MCM/)	
and	 considers	 the	 chemical	 breakdown	 of	 143	 VOCs	 indoors.26,27 
The	degradation	process	of	VOCs	is	 initiated	by	reactions	with	OH,	
O3,	 NO3,	 and	 photolysis	where	 relevant.	 Radicals	 are	 generated	 as	











•	 This	 article	 investigates	 secondary	 pollutant	 formation	
following	 surface	 interactions	 indoors.	 The	 concentra-
tions	of	several	aldehyde	species	can	 reach	appreciable	
concentrations	indoors,	particularly	when	outdoor	ozone	




climate	 warms.	 Further,	 some	 aldehyde	 species	 have	
known	or	 suspected	adverse	health	effects.	Finally,	 the	
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The	 INDCM	 considers	 a	 single	well-	mixed	 environment	 and	 as-
sumes	that	the	concentration	of	each	species	is	calculated	according	
to	Equation	125:








deposition	 onto	 different	 types	 of	 surface,	 as	well	 as	 emissions	 of	
higher	aldehydes	following	surface	interaction.	The	ozone	loss	rate	to	
a	surface	is	calculated	according	to	Equation	2:











face,	 characterized	 by	 a	 specific	 deposition	 velocity.31	 Accordingly,	




















2.3 | Surface production of C6- C10 aldehydes
Hexanal,	 heptanal,	 octanal,	 nonanal,	 and	 decanal	 are	 the	 carbonyls	




canal,	 so	 new	 schemes	 have	 been	 developed	 based	 on	 analogy	
with	 the	 existing	 heptanal	 scheme.	 The	 reaction	 rate	 coefficients	
for	OH	with	 higher	 aldehydes	were	 taken	 from	 the	 literature,	with	
3.2×10−11 cm3 mol−1	s−1	 used	 for	 octanal,44 3.6×10−11 cm3 mol−1	s−1 
for	nonanal45,	and	3.6×10−11 cm3 mol−1	s−1	was	also	assumed	for	de-
canal,	based	on	the	literature	values	for	nonanal	and	undecanal	both	
being	 this	 value.44,45	 The	 background	 indoor	 concentrations	 of	 the	











the	 two.	New	surfaces	 typically	have	higher	yields	 than	older	ones,	
with	the	exception	of	painted	walls	although	few	results	exist	for	this	
surface.	Table	1	also	includes	product	yields	of	various	species	follow-
ing	human	body-	ozone	 interactions	measured	 in	 an	aircraft	 cabin.22 
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As	 the	 data	 for	 aldehyde	 yields	 for	wooden	materials	were	 not	












mertime	 conditions	 through	 an	 identical	 apartment	 in	 Seoul,	which	
















(ppb) NO indoors (ppb)
Milan	2003 75.2 30.5 14.1 15.1 10.4 0.6
Milan	2009 49.0 19.1 16.0 9.2 8.2 1.1





No. of measurements 
(n)
Average age surface 
aldehyde yield (±SD)
New surface aldehyde 
yield
Old surface aldehyde 
yield
Carpet	and	soft	furniture Hexanal 16 0.03	(±0.03) 0.03 0.03
Heptanal 0.01	(±0.01) 0.01 0.00
Octanal 0.01	(±0.02) 0.01 0.01
Nonanal 0.06	(±0.03) 0.08 0.04
Decanal 0.03	(±0.03) 0.04 0.02
Painted	wall Octanal 0.01	(±0.02) 0.00 0.03
Nonanal 3 0.13	(±0.18) 0.03 0.34
Decanal 0.04	(±0.07) 0.01 0.12
Countertop Hexanal 0.08	(±0.05) 0.09 0.06
Heptanal 0.02	(±0.02) 0.03 0.02
Octanal 12 0.01	(±0.01) 0.01 0.02
Nonanal 0.26	(±0.15) 0.33 0.19
Decanal 0.03	(±0.04) 0.04 0.03
Linoleum Hexanal 0.07	(±0.06) 0.08 0.06
Heptanal 0.01	(±0.01) 0.01 0.00
Octanal 7 0.01	(±0.02) 0.02 0.01
Nonanal 0.13	(±0.10) 0.20 0.04
Decanal 0.03	(±0.04) 0.05 0.00
Human	body1 Nonanal 0.018 – –
Decanal 4 0.026 – –
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toilet	(2.8	m2),	bathroom	(7.8	m2),	corridor	(3.9	m2),	and	ceiling	height	
of	2.4	m,	giving	a	total	surface	area	of	70	m2	and	a	volume	of	168	m3.
The	 surface	 to	 volume	 ratio	 (HMIX)	 is	 determined	 by	 the	 in-
door	 dimensions,	 surface	 coverings,	 and	 furnishing.	 The	 apartment	
is	 assumed	 to	 contain	 different	 types	 of	 surface	 found	 in	 a	 typi-
cal	 home51,52	 such	 as	 hard	 furniture	 together	 with	 internal	 doors	
(22	m2;	HMIX=0.13	m−1),	soft	furniture	(35	m2;	HMIX=0.21),	wooden	
floors	 (51	m2;	 HMIX=0.30	m−1),	 painted	walls	 and	 ceilings	 (199	m2; 
HMIX=1.18),	 linoleum	 including	 the	 kitchen,	 bathroom,	 and	 toilet	
floors	 (11	m2;	 HMIX=0.07)	 and	 countertops,	 including	 those	 in	 the	
kitchen,	toilet,	and	bathroom	and	tiled	toilet,	bathroom,	and	kitchen	
walls	 (19	m2;	HMIX=0.11).	This	 gives	 a	 total	 surface	 area	 for	 depo-
sition	of	337	m2	(HMIX=2.0	m−1).	Thus,	it	is	possible	to	compare	dif-
ferent	 types	of	 surfaces	 that	have	different	 sorption	properties	 and	
ozone	removal	rates.41
Furthermore,	 to	 evaluate	 the	 importance	 of	 human	 bodies	 for	
ozone	loss	and	indoor	surface	interactions,	 it	was	assumed	that	two	
adults	 and	 one	 child	were	 in	 the	 household.	 The	 surface	 area	 of	 a	
human	body	was	estimated	as	2	m2	 for	adults	and	1	m2	 for	children	
(in	 total	HMIX	 for	 skin	 is	 ~0.03	m−1).10	Thus,	 the	 total	 surface	 area	
available	 for	 surface	 interactions,	 including	 the	 presence	 of	 people,	
amounts	to	342	m2	and	the	total	surface	to	volume	ratio	for	the	build-
ing	is	~2.0	m−1.
2.5 | Indoor- outdoor air exchange rate (AER)
Based	on	statistical	analysis	of	data	from	approximately	2000	house-









The	 mean	 outdoor	 Milan	 concentrations	 of	 ozone,	 NO2,	 and	 NO	




Kyungho	 Choi,	 Seoul	 National	 University,	 South	 Korea,	 personal	
communication).	Outdoor	VOC	concentrations	were	available	 from	





houses	 in	 residential	 areas.18	 We	 return	 to	 these	 assumptions	 in	
Section	3.3,	but	highlight	the	relative	paucity	of	such		measurements	
in	the	literature.





Outdoor	photolysis	 rates	were	calculated	 following	 the	method	de-
scribed	in	detail	by	Carslaw.24	Basically,	a	two-	stream	isotropic	scat-
tering	model	 uses	 the	 longitude,	 latitude,	 time	 of	 year,	 and	 day	 to	
calculate	location	and	time	specific	clear-	sky	photolysis	rates.26	Such	
values	 must	 then	 be	 attenuated	 to	 be	 representative	 for	 indoors.	
Although	there	 is	 limited	 information	 in	 the	 literature,	 recent	meas-




that	 outdoors.	 Nazaroff	 and	 Cass60	 found	 that	 0.7%	 and	 0.15%	 of	
visible	and	UV	light,	respectively,	were	transmitted	through	museum	
skylights	and	0.15%	in	the	UV,	while	for	two	laboratories	 in	Greece	






3  | RESULTS AND DISCUSSION
3.1 | Model sensitivity analysis


































turn	 affects	 aldehyde	 production	 rates	 and	 concentrations.	 Table	1	
shows	that	the	relatively	few	measurements	of	aldehyde	yields	from	
walls	 suggest	 rates	 are	 higher	 from	 older	 materials.	 Consequently,	
in	 the	sensitivity	 tests	 in	Table	3,	 some	aldehyde	concentrations	are	
higher	 for	new	materials,	while	others	are	higher	 for	older	materials	
compared	to	the	baseline.	Clearly,	far	more	information	about	these	
parameters	 in	 real-	world	 environments	would	 reduce	model	 uncer-
tainties	considerably.
The	model	predictions	are	 less	sensitive	 to	 the	photolysis,	out-
door NOx	 concentrations,	 and	variation	of	HMIX.	 For	 instance,	 in-
creasing	photolysis	rates	based	on	the	upper	bounds	of	transmitted	
light	 through	windows42	 increases	 the	predicted	aldehyde	concen-
trations	by	~30%-	36%.	However,	either	the	increase	or	decrease	of	
HMIX	by	50%	changes	the	C6-	C10	concentrations	by	only	5%-	10%.	
Doubling	 or	 halving	 outdoor	 NOx	 concentrations	 decreased	 or	 in-







parameter,	we	estimate	 the	uncertainties	 in	 the	model	 estimates	of	
Scenario Hexanal Heptanal Octanal Nonanal Decanal
UV=0.15%,	VIS=0.7% −4.9 −4.8 −4.7 −5.6 −6.0
UV=25%,	VIS=75% 30.0 29.6 29.1 34.1 36.4
νd	25‰ −36.9 −17.8 −31.6 −21.4 −34.2
νd	75‰ −29.0 −36.2 15.5 38.1 50.5
OH+Nonanal*1.19 −0.1 −0.1 −0.1 −0.6 0.1
Outdoor	O3*0.5 −53.5 −48.0 −46.8 −52.7 −55.2
Outdoor	O3*1.5 55.8 50.1 48.9 55.0 57.6
Outdoor	NOx*0.5 15.5 14.0 13.7 15.5 16.2
Outdoor	NOx*1.5 −16.5 −14.9 −14.6 −16.4 −17.2
Outdoor	C6-	C10*0.5 −3.3 −7.9 −8.9 −3.7 −1.5
Outdoor	C6-	C10*1.5 3.3 8.0 9.0 3.7 1.5
HMIX*0.5 5.2 9.9 10.4 7.4 7.4
HMIX*1.5 −11.1 −10.4 −10.3 −8.1 −7.4
Old	materials 10.2 −18.7 10.5 5.0 6.3
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is	 deposited	 onto	 internal	 materials	 for	 both	 typical	 and	 heatwave	
conditions	 (note	 that	model	 inputs	 are	 the	 same	 for	 the	 three	 runs	
except	for	outdoor	ozone	and	NOX	concentrations).	However,	differ-



















hyde	mixing	 ratios	 in	 the	 apartment,	 they	were	 very	 low	 (~0.1	ppb	
for	 nonanal	 and	 ~0.2	ppb	 for	 decanal)	 for	 our	 assumed	 conditions	




























pear	 to	 be	 representative	 of	 magnitudes	 observed,	 there	 is	 a	 clear	
need	for	more	measurements	to	help	validate	models	results.
3.3.2 | Production from skin surface
The	 results	 we	 have	 considered	 so	 far	 are	 whole	 apartment	 aver-








8  |     ﻿KRUZA  et ZAal
or	 three	 human	 occupants	 would	 be	 relatively	 small	 assuming	 a	
well-	mixed	 environment.	 For	 instance,	 the	 presence	 of	 three	 peo-
ple	 in	 the	apartment	 for	 typical	Milan	 summer	conditions	enhances	
the	 nonanal	 and	 decanal	 mixing	 ratios	 by	 only	 ~0.1	 and	 ~0.2	ppb,	
respectively.	 Therefore,	 to	 estimate	 the	 impact	when	 human	 emis-
sions	can	be	more	 important,	we	 investigated	 the	 indoor	air	quality	
for	 an	 occupied	 bedroom	 at	 nighttime	 and	 for	 different	 ventilation	
rates	 (Figure	5).	We	 assumed	 that	 two	 adults	 (surface	 estimated	 as	
4	m2	in	total;	HMIX=0.22	m−1)	were	in	the	room	(7.5	m2)	continuously	










appreciate	 this	 list	 is	 not	 exhaustive.	 For	 instance,	 geranyl	 acetone	
and	6-	methyl-	5-	hepten-	2-	one	(6-	MHO)	have	both	been	reported	as	
species	 that	 are	 emitted	 from	 skin,22	 but	 degradation	 schemes	 for	
these	two	products	are	not	currently	available	in	the	MCM.	Note	that	
the	indoor	nighttime	ozone	was	in	the	range	of	0.6-	4	ppb	indoors	at	
nighttime	 (dependent	on	air	 exchange	 rate),	 significantly	 lower	 than	
the	daytime	values.










of	decanal	 from	 skin	 for	 the	 same	AER.	Note	 that	 in	 the	 absence	of	
human	occupants,	the	nonanal	and	decanal	concentrations	are	reduced	
by	~0.1	ppb	each.	Although	the	human	occupants	are	responsible	for	
more	 than	 0.1	ppb	 of	 the	 total	 concentrations	 shown	 in	 Figure	5,	 in	
their	absence,	there	is	more	deposition	to	other	surfaces,	from	which	




of	 Jӓrnstrӧm	 et	al.,67	 who	 measured	 mean	 annual	 concentrations	 of	
around	1.2	and	0.8	ppb	of	nonanal	and	decanal,	 respectively,	 in	bed-
rooms	of	12-	month-	old	Finnish	homes	with	a	mean	AER	of	0.9	per	hour.
3.4 | Impacts of oxidation- derived surface emissions 








lutants,	 a	 rate	 of	 production	 analysis	was	 carried	out	 for	 the	Milan	
apartment	during	typical	summertime	conditions	(Figure	6).
The	modeled	 steady-	state	concentrations	of	OH,	HO2,	 and	RO2 
for	 a	 model	 run	 with	 ozone	 deposition	 only	 (no	 emissions)	 were	
4.8×105 mol cm−3	and	4.9	and	6.0	ppt,	respectively.	With	surface	pro-























with	OH,	which	more	 than	offsets	 the	 decreased	 formation	 rate	 of	
peroxy	 radicals	 from	 other	 processes	when	 oxidation-	derived	 alde-
hyde	emissions	are	 considered.	Perhaps	 the	most	 interesting	differ-




























In	 this	 study,	we	 compared	 the	 surface	 interactions	 for	 typical	 fur-
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conditions	 in	Milan.	Given	 that	 heat	waves	may	 become	more	 fre-
quent	in	future	with	climate	change,69	indoor	ozone-	derived	surface	
aldehyde	emissions	may	also	increase.








ant	 conclusion	 from	our	 study	 is	 that	 inclusion	of	oxidation-	derived	














surfaces	 (or	 surface	 films)	and	continuous	deposition	of	 reactive	or-
ganic	material	may	result	in	indoor	surfaces,	especially	upward-	facing	
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